An mRNA fraction coding for hexon polypeptide, the major virion structural protein, was purified by gel electrophoresis from extracts of adenovirus 2-infected cells late in the lytic cycle. The mRNA sequences in this fraction were mapped between 51.7 and 61.3 units on the genome by visualizing RNA-DNA hybrids in the electron microscope. When hybrids of hexon mRNA and single-stranded restriction endonuclease cleavage fragments of viral DNA were visualized in the electron microscope, branched forms were observed in which 160 nucleotides of RNA from the 5! terminus were not hydrogen bonded to the single-stranded DNA. DNA se uences complementary to the RNA sequences in each 5' tail were found by electron microscopy to be located at 17,20, and 27 units on the same strand as that coding for the body of the hexon mRNA. Thus, four segments of vira RNA may be joined together during the synthesis of mature hexon mRNA. A model is presented for adenovirus late mRNA synthesis that involves multiple splicing during maturation of a larger precursor nuclear RNA.
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Most eukaryotic mRNAs bear modifications at both termini; their 3' termini have a tract of poly(A) that ranges in length from 30 to 200 bases (1-4), while their 5' termini are typically capped with a methylated guanine joined through a 5'-5' pyrophosphate linkage to a second nucleotide methylated at its 2' position (5, 6) . Both types of modifications of eukaryotic mRNA are known to occur after transcription.
All adenovirus mRNAs are thought to contain poly(A) tracts at their 3' termini (7) and be capped with a methylated guanine (8, 9) . Specific restriction endonuclease cleavage fragments of adenovirus 2 (Ad2) DNA have permitted the mapping of regions of the genome expressed as mRNA and viral proteins during different stages of the lytic cycle (10) (11) (12) . Little is known about the molecular mechanisms of viral mRNA synthesis. An important aspect of late mRNA synthesis is thought to be the processing and selection of viral mRNAs from the nucleus (18, 14) . We have purified a late Ad2 hexon mRNA and found evidence providing some insight into the mechanism of synthesis of this mRNA.
MATERIALS AND METHODS
Isolation of Ad2 DNA and RNA. Polyribosomal RNA was prepared from Ad2-infected cells 32 hr after infection as described by Flint and Sharp (14, 15) and selected by chromatography on poly(U)-Sephadex (16) .
R-Loop Mapping. The R-loop hybridization mixture was essentially that of Thomas et al. (17) and contained 70% (vol/ vol) formamide [Matheson, Coleman, and Bell, 99%, further purified as described by Duesberg and Vogt (18) ]; 0.20 M Tris-HCl, pH 7.91; 0.50 M NaCI; 0.01 M EDTA; Ad2 DNA at 10 ,g/ml; and purified hexon mRNA at 1-10 Ag/ml. This mixture was incubated at 52.50 for 2-3 hr and spread on a hy-
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pophase of water with internal length standards of DNA from bacteriophage qX174, 5375 bases (19) . Hybridization to Single-Stranded Ad2 DNA. Hybridizations of either polyribosomal poly(A) or purified hexon mRNA with restriction endonuclease fragments of Ad2 DNA were carried out in reaction mixtures of-80% formamide; 0.40 M NaCl; 0.04 M 2-(N-morpholino)ethanesulfonic acid (Mes), pH 6.2; 0.01 M EDTA; DNA at 10 lg/ml; and hexon mRNA at 1.0-10 ,ug/ml (20) . The sample was incubated at 57-60°for [2] [3] hr.
RESULTS
Adenovirus late mRNAs begin to appear on polyribosomes about 13 hr after infection and continue to accumulate in the cell throughout the lytic cycle (21) . Thus, to fractionate the most abundant late mRNAs, polyribosomes were prepared from cells 32 hr after infection with Ad2 and poly(A)-containing mRNA was selected by chromatography on poly(U)Sephadex columns. These mRNAs were then resolved into different molecular weight fractions by electrophoresis in 2.4-4.0% linear gradient polyacrylamide gels containing a uniform concentration of 7 M urea. After staining with ethidium bromide, distinct fluorescent bands were present in gels containing mRNA from virus-infected cells that were not found in gels containing identically prepared HeLa cell mRNA (Fig. 1A) . These virusspecific RNAs were selectively labeled when [32P]phosphate was added to infected cells 24 hr after infection and the same mRNA fractions were prepared (Fig. 1B) . RNA from the predominant ethidium bromide-staining band migrating 1.5 times faster than 28S rRNA in Fig. 1A and marked with a large arrow has been shown to code for the hexon polypeptide by in vitro translation (S. M. Berget, B. E. Roberts, and P. A. Sharp, data not shown). Furthermore, this RNA has been mapped by the R-loop technique (see below) to a region of the genome known to code for hexon (12) and is complementary to the r strand of the viral DNA (11) . This mRNA species, therefore, will be referred to in the following sections as hexon mRNA.
R-Loop Mapping of Hexon RNA. The R-loop technique developed by White and Hogness (22) and Thomas et al. (17) was used to position purified hexon mRNA on the viral genome. RNA eluted from a gel similar to that shown in Fig. IA was incubated, as described in Materials and Methods, with either total Ad2 DNA or restriction endonuclease fragments. Of the 43 total Ad2 DNA molecules scored as containing R-loops, 41 were observed to have a single region of hybrid, while two molecules contain a second R-loop, apparently in the region of the genome coding for the 1O(K polypeptide (12) . Fig. 2 shows two examples of R-loops resulting from hybridization of hexon mRNA to fragments generated by the cleavage of Ad2 DNA with the EcoRI restriction endonuclease (11) , the map coordinates of hexon mRNA established from the R-loops to EcoRI fragments indicate that the 5' end of hexon mRNA is 6.3% from the end of the HindIII A fragment. Small single-stranded "tails" were visible at both ends of the R-loop; such tails appeared on 88% of the 5' ends (all polarities given with respect to the mRNA orientation) and on 75% of the 3' ends of those R-loops with termini that mapped within two standard deviations of the mean position of the termini expected for full-length hybrids. Although the 3' tail might in part be attributed to .the poly(A) tracts of these mRNAs, the tail of the 5' end of the mRNA was not expected and prompted further investigation.
Hybridization of Hexon RNA to Single-Stranded DNA. A possible interpretation of single-stranded tail-like structures at the ends of R-loops would be that branch migration creating DNA-DNA duplex had occurred, displacing the ends of the RNA (25) . To examine this possibility, hybrids were formed with hexon mRNA and totally single-stranded HindIII A DNA. In such hybrids there would be no competing DNA-DNA renaturation to displace RNA-DNA hybrids. Such RNA-DNA hybrids were formed by incubating hexon mRNA with denatured HindIII A DNA at high formamide concentration (80%) and at 570 (20) . After an appropriate incubation the hybrids were spread and examined under the electron microscope. As expected, little or no duplex HindIII A fragment was observed. Fig. 4 D, E, and F shows the types of hybrids that were observed with hexon mRNA and HindIII A DNA. Double-stranded hybrid segments were terminated with clearly visible tails at both the 5' and 3' ends of the mRNA molecules. Of those molecules having full-length hybrid, 90% had 5' tails and 64% had 3' tails. There may have been a bias in favor of selecting fulllength hybrids with tails for screening because it was difficult to accurately position the ends of a duplex region that did not terminate in a forked structure. However, approximately 20% of the total HindIII A strands displayed a forked structure at the 5'-end position of the hexon mRNA. This result strongly suggests that the sequences in the tails are not complementary to the adjacent DNA sequences.
Histograms comparing the lengths of the hybrid regions observed in the R-loop technique to those produced by hybridization of hexon mRNA with denatured HindIII A DNA are shown in Fig. 5 A and well with the length of the RNA itself, 3510 180 bases, as determined by visualization in the electron microscope following spreading by the urea/formamide technique (Fig. 5C ) (26) .
The measured lengths of 5' and 3' tails on the two types of hybrids are similar; the 5' tails measure 170 40 bases on Rloops and 160 ± 50 bases on hybrids with single-stranded DNA (Fig. 5 D and E) ; and the 3' tail measures 150 i1 60 nucleotides on R-loops and 110 40 nucleotides on hybrids with singlestranded DNA (Fig. 5 F and G) . These contour lengths may be an underestimate because they were calculated assuming that single-stranded RNA chains were fully extended under the formamide spreading conditions employed. Those molecules having hybrids but no tails are also scored on the histograms in Fig. 5 . In both techniques, those molecules having less than a full-length hybrid region were always missing at least one tail, suggesting that neither method artifactually generates such structures. If the sequences in the 5' tail of hexon mRNA are transcribed upstream from the same template strand as the other 95% of the RNA sequences, then a hybrid of this mRNA and singlestranded EcoRI A DNA should form single-stranded DNA loops at the 5' terminus of the duplex part of the hybrid. The single-stranded DNA forming the loop would correspond to the viral DNA sequences between the two regions of the template strand that were transcribed and joined during synthesis of the hexon mRNA. This experiment was performed and RNA-DNA hybrids of EcoRI A DNA and hexon mRNA were selected for scoring which, as expected, had a duplex region on one terminus terminating in a collapsed ball of single-stranded RNA. The R-loop data described in Fig. 1 predict that 70 .9% of the hexon mRNA adjacent to the 5' terminus should form hybrids with single-stranded EcoRI A DNA; the remaining 29.1% would be collapsed under these spreading conditions. An example of the RNA-DNA hybrids observed is shown in Fig. 4G and schematically in Fig. 4H When total poly(A)-containing polyribosomal-+RNA -as hybridized to denatured HindIII A under the same conditions, a second mRNA mapping in the region of the genome coding for the lOOK polypeptide (12) was observed to have a similar forked structure at its 5' terminus. Thus, a common short sequence of RNA might be attached to several late mRNAs. This is consistent with the observation of R. Gelinas, D. Klessig, and R. Roberts (personal communication) that a single T1 ribonuclease oligonucleotide containing a capped structure is found on total viral mRNAs isolated during the late stage of infection.
The three short segments forming the 5' tail of hexon mRNA are probably spliced to the body of this mRNA during posttranscriptional processing. During the late stage of the lytic cycle the r strand of Ad2 is transcribed into long transcripts that originate in the left third of the genome and terminate near the right end (27) (28) (29) (30) . The region of the genome coding for the body of the hexon mRNA and the sequences in these three short RNA segments in the 5' tail of this mRNA are probably included in this long transcript. Thus, a plausible model for the synthesis of the mature hexon mRNA would be the intramolecular joining of these short segments to the body of the hexon mRNA during the processing of a nuclear precursor to generate the mature mRNA. This would result in the maturation of one mRNA species from each longer precursor and would explain the large abundance of accumulated viral RNA sequences in the nucleus of cells during the late stage of the lytic cycle and the selective transport of certain viral RNA sequences to the cytoplasm (14) . It is interesting to speculate on how general such a model for the processing of eukaryotic mRNAs could be. Assuming that eukaryotic mRNA sequences are adjacent to the 3' terminus of heterogeneous nuclear RNA, this mechanism would certainly explain the observations by Perry and Kelley (31) that the 5'-terminal cap 1 structures of heterogeneous nuclear RNA from mouse cells are conserved during the processing of these sequences to cytoplasmic mRNAs, though the lengths of the RNA chains differ by a factor of 4 between these RNA fractions.
The role of the spliced RNA segment at the 5' end of adenovirus late mRNA is subject to speculation. This RNA segment could be involved in the selection of certain viral RNA sequences for transport to the cell cytoplasm or could be responsible for the preferential translation of viral mRNA during the late stage of infection. Because the capped 5' terminus of eukaryotic mRNA is thought to be directly involved in the initiation of translation of mRNA, an involvement of these sequences in the control of translation would be expected.
